SUMMARY Glycosaminoglycan production, acid hydrolase activity, proliferation, and morphology were examined in human synovial cells subjected to low environmental pH. The amount and the molecular size of newly synthesised glycosaminoglycan (GAG) were increased without significant change in the rate of cell proliferation. Lowered pH produced an increase in the size of cytoplasmic organelles. Some of these possessed ultrastructural features of lysosomes, but others were clearly nonlysosomal and were of uncertain identity. Intracellular activity of the lysosomal acid hydrolase N-acetyl-B-glucosaminidase (NAG) was not altered by low pH, but a marked increase occurred in extracellular NAG activity, indicating enhanced release.
Low pH values have been reported in synovial fluids from inflamed joints of patients with RA.'-3 In the most extreme cases this could enhance the activity of free lysosomal enzymes in synovial fluid, particularly for example cathespin B, which is active in the pH range of [6] [7] .' A further possibility is that increased hydrogen ion concentrations in rheumatoid joints might induce functional changes in synovial intimal cells, which could account for a number of the pathological features of RA, including synovial proliferation, increased activity of lysosomal acid hydrolases in synovial tissue56 and fluid,7-0 and reduced hyaluronic acid viscosity.'" To examine this hypothesis glycosaminoglycan production, lysosomal activity, and proliferation of human synovial intimal cells were studied in culture conditions designed to simulate the pH changes which can occur in rheumatoid joints. Materials and methods Synovial cells. Primary cultures were prepared by trypsinisation of synovial tissue within intact joints of nonarthritic cadaver donors, as described previously."2 Cell lines derived from confluent primary cultures were used in early passages while their behaviour was still typical of euploid cells. '3 Accepted for publication 10 May 1983. Correspondence to Dr B. J. Clarris. Culture media and pH control. Eagle's basal medium (EBM) was used throughout, supplemented with fetal bovine (FS) or human (HS) serum or both. Sera were heated 56°C for 30 min before use. Media were buffered by dilution of 1 M stock solutions of sterile NaH2PO4, NaHCO3, and the organic buffers Pipes (piperazine-N,N'-bis(2-ethanesulphonic acid)), Bes (N,N-bis (2-hydroxymethyl)-2-aminoethanesulphonic acid), Hepes (N-2-hydroxyethylpiperazine-N'-ethanesulphonic acid), Tes ((N-tris hydroxymethyl)methyl-2-aminoethanesulphonic acid), and Epps (N-2-hydroxyethyl-piperazine propanesulphonic acid) in phosphate-free EBM as described by Ceccarini GAG synthesis. Decrease in pH produced a highly significant and reproducible increase in GAG synthesis (Fig. 2) . The GAG produced at low pH was of exceptionally high molecular weight, with a narrow distribution of polymer sizes (Fig 3) .
Morphology and ultrastructure. Macrophage-like cells present in the primary phase of isolation are strongly adherent to culture surfaces and do not readily detach with trypsin. Hence after 2-3 passages synovial cell lines consist entirely of elongated fibroblast-like cells. These normally contain many small and widely distributed cytoplasmic organelles which can be seen by phase contrast microscopy (Fig.  4A ). Culture at low pH appeared to produce an increase in the size of the cytoplasmic organelles and clustering of these bodies round the nucleus (Fig.  4B ), but a marked change was not evident in their number. In living cells there was no evidence of enlarged vacuoles, unusual nuclear features, or pro- [3H]-sodium acetate was included in the medium at a final concentration of20 ,uCi per ml. those occurring in control cells. The phenomenon of lysosomal clustering could also explain the apparantly unchanged numbers of organelles noted in the living cells. The synovial cells exposed to low pH also contained a number of amorphous, clearly nonlysosomal bodies, with approximately the same size range as the lysosomes, which remain unidentified (see example marked U in Fig. 5B) .
NAG activity. Decrease in pH produced no significant alteration in intracellular activity of NAG in synovial cells (Fig. 6 ).
However, NAG levels increased in the supernatant media. NAG activity levels remained unchanged when the media were subsequently dialysed to pH 7-0 (Fig. 7) , indicating that the increase was due to enhanced release from the cells rather than to any effect on buffering in the enzyme assay. Similar responses occurred in nonproliferating cultures produced by substituting BSA (4 mg per ml) for serum ( Table 2) .
LDH. None of the treatments caused appreciable release of LDH from the cells.
Discussion
Evidence from studies in RA1-3 suggests that tissues within the joints in inflammatory arthritis are frequently, and perhaps chronically, subjected to high concentrations of hydrogen ions. In the present study we found that pH changes similar to those observed in rheumatoid synovial fluids can produce alterations in the behaviour of synovial intimal cells, including enhancement of GAG production and activation of the lysosomal system. The wide variations in pH alone had no appreciable effects on growth rates, and the hyperplasia commonly seen in rheumatoid synovia is therefore likely to be due to other stimuli.
Initially stimulation of GAG production by low pH was indicated by a gross and consistent increase in the amount of precipitate formed in low pH media in the 'mucin clot' test,'8 which is used as a qualitative index of GAG production by synovial cells. Quantitative measurement by the isotopic procedure demonstrated that the differences were due largely to the comparitively high molecular weight of GAG released from the cells in conditions of low pH. Studies in this and other laboratories indicate that at least 90% of the GAG secreted by human synovial cells in culture hyaluronic acid (HA).'6 '" A similar response to low pH in rat embryonic fibroblasts20 supports the view that increase in HA production might be a typical response of GAG-producing cells to lower pH. Our findings indicate that the low viscosity of synovial fluid in rheumatoid patients" is unlikely to be a consequence of the decreased pH often noted in the joints of these patients. On the other hand the molecular weight of GAG secreted by synovial cells at pH values near to normal was considerably lower than expected from our experience with these cells cultured in standard bicarbonate-buffered medium, though variability is common in these conditions. At this stage it is not 80. 
